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The following manuscript has been submitted to Nature for review. As it succinctly
summarizes the major results of our research, it serves as an excellent executive summary
for our final technical report. Several other manuscripts are in preparation which
describe in greater detail the methodologies and the results of our work. A list is
appended of papers submitted and manuscripts in preparation. Also appended are a list
of abstracts and copies of abstracts of papers presented or submitted for future
presentation at professional meetings.
Please note that this project was carried out jointly with Dr. Susan E. Trumbore,
University of California, Irvine, (NAGW-2748; "Effect of Land Use Change on the
Carbon Cycle in Amazon Soils"). We are coauthors on most of the papers and abstracts.
Accordingly, this final report was prepared jointly, with equal participation of all of the
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NAGW-2748.
Nepstad et al. NAGW - 2750 p_ 7-
The Deep-Soil Link Between Water and Carbon Cycles
of Amazonian Forests and Pastures
D. C. Nepstad*1, C. R. de Carvalho t, E. A. Davidson*, P. H. Jipp*§, P. A. Lefebvre*, G.
H. Negreiros*, E. D. da Silva t, T. A. Stone*_ S. E. Trumbore:_, & S. Vieira*
* Woods Hole Research Center, Woods Hole, MA, 02543, USA.
tEMBRAPA-CPATU, C.P. 48, BeI4m, Par_, 66.001, Brazil
SDepartment of Geosciences, University of California, Irvine, CA, 92717, USA
§ Present add ress: Department of Environmental Stud ies, Duke University, Durham, NC, USA.
II To whom correspondence should be addressed.
Word Counts:
Main text: 1266
Footnotes: 411
Figure Legend 1:256
Figure Legend 2:468
Figure Legend 3:228
Nepstad
t
et al. NAGW -2750
pgs
Deforestation and logging degrade more forest in eastern and southern Amazonia
than in any other region of the world 1-3- This forest alteration affects regional
hydrology 4-1° and the global carbon cycle 11-13 but our current understanding of these
effects is limited by incomplete knowledge of tropical forest ecosystems. It is widely
agreed that roots are concentrated near the soil stJrface in moist tropical forests 14-17,
but this generalization incorrectly implies that deep roots are unimportant in water
and C budgets. Our results indicate that half of the closed-canopy forests of Brazilian
Amazonia occur where rainfall is highly seasonal, and these forests rely on deeply
penetrating roots to extract soil water. Pasture vegetation extracts less watei_ from
deep soil than the forest it replaces, thus increasing rates of drainage and decreasing
rates of evapotranspiration. Deep roots are also a source of modern carbon deep in
the soil. The soils of the eastern Amazon contain more carbon below 1 m depth
than is present in above-ground biomass. As much as 25% of this deep soil C could
have armual to decadal turnover times and may be lost to the atmosphere following
deforestation.
We compared the importance of deep roots in a mature, evergreen forest
with an adjacent man-made pasture, the most common type of vegetation on
deforested land in Amazonia. The study site is near the town of Paragominas, in
the Brazilian state of Par& with a seasonal rainfall pattern and deeply-weathered,
kaolinitic soils that are typical for large portions of Amazonia (Fig. 1, ref. 18). Root
distribution, soil water extraction and soil carbon dynamics were studied ush'tg deep
auger holes and shafts in each ecosystem and the phenology and water status of the
leaf canopies were measured. We estimated the geographical distribution of deeply-
rooting forests using satellite imagery, rainfall data and field measurements.
Roots were most abundant near the soil surface in the forest and pasture, as
expected, but they were also found at depth (Fig. 2A). Root systems extended to 18 m
depth in one shaft excavated in the forest. Fine root biomass was not significantly
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different between forest and pasture (Fig. 2A). However, pasture plants experienced
less drought stress than forest plants during the severe 1992 dry season measured as
pre-stmrise xylem pressure potential (XPPpre) of canopy leaves (Fig. 3A). Water
vapor flux from green leaf surfaces was also higher in the pasture late in the dry
season, where mean leaf resistance at mid-day w_s 2.1 _ 0.3 s cm -1 vs. 17.0 _+3.32 in
the forest. Drought stress in pasture vegetation was low because pasture plants
reduce their leaf area during the dry season more than forest plants (Fig. 3B), thereby
depleting soil moisture through transpiration less than the forest. Dominant plant
species of the pasture, such as the grass, Hyparrhenia and the shrub, Rolan[_ra, avoid
drought by shedding leaves at mild drought stress while forest trees such as Lecythis
and Tetragastris tolerate low XPP, and retain their leaves. This conclusion is
supported by measurements of XPP at the leaf turgot loss point, which ranges from
-3.2 to -1.5 MPa among forest species and from -1.6 to -1.0 MPa among pasture
species.
Changes in soil moisture content are consistent with these observations of
canopy behavior. During the 6-month dry seasons of 1991 and 1992, the soil
moisture stored from 1 to 8 m declined more in the forest (498 _+ 10 mm) than in the
pasture (318 _+28 mm) (Fig. 2B) because of greater water extraction in the forest.
Given a smaller soil water deficit at the end of the dry season, the pasture soils
recharge more rapidly in the wet season and the potential for discharge via deep
seepage or as runoff is greater than in the forest. This change in recharge and
seepage resulting from land-use change has important implications for local and
regional hydrology.
The amotmt of water that leaves each ecosystem as vapor
(evapotranspiration, ET) can be estimated for the dry season by adding the reduction
in moisture stored in the soil to the amount of water that entered the soil as rainfall.
During the 6-month dry seasons of 1991 and 1992, average daily rainfall was 0.94
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mm, forest ET was 4.0 mm, and pasture ET was 3.1 mm. In the last and driest half of
the 1991 dry season period, when daily rainfall averaged 0.80 mm, daily forest ET
continued relatively high at 3.2 mm whereas daily pasture ET declined to 1.7 mm.
These dry-season reductions in ET associated with forest conversion to pasture
correspond to a 16% reduction in latent heat transfer, and are particularly important
in Amazonia because of the tight link between ET and regional climate 5-10.
Reduced ET resulting from a decrease in water uptake from deep soil is not included
in existing climate models of Amazonia, and could exacerbate the rainfall decline
and air temperature increase already predicted as a result of forest conversion to
pasture in the region.
Another line of evidence indicating the activity of roots deep in the soil
profile is the isotopic composition of soil CO2 and organic matter. The M4C of SOM
declines with depth as expected (Fig. 2D), indicating that the proportion of very old C
increases with depth. However, the M4CO2 remains at or above modern
atmospheric levels (Fig 2E), indicating that the CO2 is produced primarily from root
respiration and from microbial decay of carbon fixed by plants within the last 30
years.
One of the implications of this deep input of soil C is that land-use change
affecting root activity could also modify deep soil C stocks. The pasture soil has lost
about 1.6 kg C m -2 from the top 1 m (Fig. 2C) and changes could also have occurred
at depth but be obscured by relatively large spatial heterogeneity of soil C. Other
studies have shown both increases and decreases in soil C following conversion of
forest to pasture 19-21. Soil C inventories seldom include analyses below 1 m depth,
probably because soil C concentrations decline roughly exponentially with depth and
the C present in deep soils is often assumed to be inert. When integrated over a
large volume, however, the soil C inventory, below I m depth exceeds that above 1
m depth (Fig. 2C) and soil C from 0 to 8 m depth (30 kg m -2) is double that of the
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above-ground biomass (15 kg m-2). Although small changes in soil C concentration
at depth are difficult to quantify reliably, the large stocks of soil C in deep soils and
high concentrations of CO2 at depth (Fig. 2E) indicate that changes in soil C and root
stocks in deep soils deserve more caI:eful study. Based on 14C data, we estimate that
about 10-25% of the total C in SOM between I arid 8 m, about 2-5 kg m -2, may be
turning over on annual to decadal time scales.
Amazonian forests that depend on deeply penetrating roots to maintain
evergreen canopies represent an area larger in size than Western Europe, hlcluding
about half of the region's closed-canopy forests and three-fourths of the closed forest
that has already been cleared (Fig. 1). The water and carbon cycles of this vast
tropical forest are closely linked deep in the soil, and are modified by human land-
use practices. Determination of these modifications will require accurate ecosystem
models that include a better understanding of the extent and function of deep roots.
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Figure Legends:
Figure 1. Major forest types and dry season rainfall of Brazilian Amazonia.
Evergreen forests in areas of pronounced seasonal drought (36% of the region) may
depend on deep soil water extraction and, theref6re, have water and C cycles similar
to those described for the Paragominas study site (2°59'S, 47°31'W). Precipitation at
the study site is highly seasonal (1750 mm annual average, <250 mm falls from July
to November), and typical of the eastern and southern portions of the Basin, where
most deforestation is occurring. Savarmas and deciduous forests (14%) were
separated from evergreen forests (75%) based on seasonal patterns of canopy
greel_ess (as seen from satellites) and a vegetation map. Evergreen forests include
areas that did not display a seasonal depression of the Normalized Difference
Vegetation Index 22 during the dry seasons of the period 1986-88. Maximum
monthly values were used to minimize the effects of clouds and smoke. Areas
cleared for agriculture and seasonally flooded land (i.e., pixels with the spectral
signature of water) are adapted from Stone et al. 23. Dry season rainfall refers to the
average driest 3-month period of the year 24. Seventy-five percent of the 212 weather
stations used had >8 years of rainfall data. Interpolation of rainfall data was
conducted using IDRISI. Shaft excavations to 8 m depth at wetter sites (Trombetas,
1°41'S, 56°26'W) and at drier sites (Santana de Araguaia, 9°33'S, 50°33'W) reveal root
distributions similar to those at Paragominas. At Santana de Araguia, annual
rainfall is 1500 mm and daily rainfall is <0.5 mm during the driest 3 months.
Al"ulual rainfall at Trombetas is 2200 mm and >1.5 mmd -1 during the driest 3
months, indicating that the deep-rooting phenomenon extends into areas that we
classified as not depending on deep soil water.
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Figure 2A-F. Vertical profiles of root, water and C parameters to 8 m soil depth in
adjacent mature forest and man-made pasture near Paragominas, eastern
Amazonia. Points are means and bars are one standard error of measurements in 3
soil shafts per ecosystem, except for'fine root biomass, where n=36 auger soil
samples in the forest and n=24 in the pasture. (A) Live fine root biomass (diameter
_<1 mm). (B) Average soil water reduction during the 6-month dry seasons of 1991
and 1992. (C) Soil C stocks (not including root C). (D) A14C of soil organic matter
excluding root C. (E) A14CO2 of the soil atmosphere. (F) Concentration of CO2 in the
soil atmosphere. The forest was cleared at the pasture site in 1969, plantedwith the
grasses Panicum maximum and later Brachiaria humidicola, and was heavily
grazed intermittently to the present. Woody shrubs and treelets now dominate the
site and it supports little grazing. Live fine root biomass (<1 mm diameter) was
estimated for 1.5-kg samples taken from auger holes lined with plastic tubing to
prevent contamination of deep samples. Roots were cleaned through flotation
sieving and sorted manually. Time domain reflectometry (TDR) sensors were
installed at the surface and horizontally into the shaft walls at one meter intervals
and biweekly readings were converted to volumetric soil water 2s. Stainless steel
tubes (1.8 m long, 0.32 cm diameter) were inserted horizontally into the sides of the
shaft for soil atmosphere sampling. Errors in estimate of CO2 concentrations due to
diffusion through the shaft wall were determined to be <10%. Evacuated stainless
steel canisters (0.5 1) were also filled for later analysis of 14CO2 by accelerator mass
spectrometric determination. 14C results are reported as _14C, the deviation (in parts
per thousand) in the 14C/nC ratio of the sample (corrected for variations in 13C/12C)
compared to the absolute standard (oxalic acid in 1950). Using the A14C notation,
zero represents the 1950 atmospheric 14(202 content, positive values reflect the
influence of _4C derived from aboveground thermonuclear weapons testing, and
negative values indicate that significant portions of the C have been isolated from
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exchange with atmospheric CO2 long enough for 14(2 to decay radioactively (half-life
= 5730 years). All 14(2 analyses were performed at the Center for Accelerator Mass
Spectrometry (AMS), Lawrence Livermore National Laboratory using established
methods 2a-28. The A14C values of about -850%o for soil organic matter (SOM) at 5 to 8
m (2D) indicate that most, but not all, of the C is'very old. Assuming that the old C
is essentially radiocarbon dead (-1000%o), the remaining modern fraction (+143 to
+200'2) would be 12% to 13% of the total carbon present in SOM at 8 m
([(-850+1000)/1000]/[1+(143/1000)]=0.13.)
Nepstad et al. NAGW - 2750
Figure 3. Seasonal trends of leaf canopy drought stress, leaf area and rainfall in
adjacent mature forest and pasture, eastern Amazonia. Points are means and bars
are one standard error. (A) Pre-sunrise xylem pressure potential (XPPpre) of eight
common species in the forest and pasture. Lower (more negative) numbers signify
greater drought stress. (B) Percent of maximum leaf area for the same plant species
that were used for xylem pressure potential measurements, based on monthly
observations of tagged branches (n=20 branches per species). (C) Daily rainfall.
Seasonal patterns of leaf dynamics, XPPpre and leaf resistance to vapor flux(r) were
measured in canopies of the forest and pasture. XPPpre was measured for common
plant species in both the forest (5 trees, 2 lianas, 1 palm) and pasture (3 shrubs, 2
grasses, 2 lianas, 1 palm) at monthly intervals. Three leaves from each of 3
individuals per species were measured during a three-day period using a pressure
chamber 29. Leaves were collected prior to sun-rise and measured within one hour.
Leaf resistance to vapor flux was measured for the same individuals at the peak of
the 1992 dry season (September) using a transient state porometer (LiCor 700). Two
leaves were measured from each plant between 930 and 1100 hs and again between
1300 and 1500 hs. Measurements were made within 60 s of harvest.
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EVALUATION OF C AND N INVENTORIES, 813C AND
A*4C IN DEEP SOILS FROM MATURE AND
REGROWING FOREST (CAPOEIRA), AND PASTURE
OF EASTERN AMAZONIA.
CAMARGO P.B,DE*, Martinelli L.A., Pessenda L.C.R.,
Centro de Energia Nuclear na Agricultura, CP 96,
Piracicaba, SP 13400-970, Brazil; TRUMBORE S. E.,
Dept. of Geosciences, University of California, Irvine,
CA 92717-3100; Davidson E.A., and Nepstad D.C., The
Woods Hole Research Center, Woods Hole, MA 02543.
To better understand how tropical forest clearing, pasture
management, and forest regrowth affect deep soil C cycling
we investigate: C and N inventories to estimate below-
ground C and C/N dynamics, 8_3C analysis to calculate C
inputs to pasture soils from C-4 grasses and Ax4C analyses
of soil CO2 to estimate residence times of soil organic
matter.
Much of the eastern Amazon Basin, including our study
area in Paragominas, Para, is characterized by deep oxisols
(more than 8m). This region experience a significant dry
season, although most of its forests retain leaf canopies
continuosly. Deep rooting of trees in mature forests support
evapotranspiration during the dry season and impact C and
N inputs at depth.
Measurements of the 0-8 m soil layer show that C and N
decrease from the surface (2.00 - 0.15%) to 3m (0.20 -
0.01%) respectively, then remain constant to the bottom.
The C/N ratio varies between 10 to 20 and usually increases
below 2m. There are no significant differences below 2m
between the three ecosystems.
In the upper 10cm the bulk density increases from mature
forest and "capoeira", to pasture (0.96, 1.07, 1.24g/cc)
respectively. Below that, bulk density is roughly constant
(1.3_+0.5g/cc). Large bulk density at the surface in pastures
is due to compaction because of loss of organic matter and
physical disturbance.
The 81sC values in the upper 10cm are -27.3, -26.7, -
24.4%c, for forest, "capoeira" and pasture. These results
indicate that only 20% of the SOM from pasture has been
added since the change of vegetation (1969). The influence
of C-4 vegetation can be seen in pastures to a depth of
25cm, but not below. The values of 81sC increase with the
depth (by 1 to 4%0) in the soil profile. No difference is
observed at depth among mature, regrowing forest and
pasture, probably because the deep pasture and "capoeira"
profiles retain the characteristics of the primary forest before
vegetation change. This increase could reflect fractionation
due to decomposition or movement of organic matter down
the profile.
The few A_4C data that we have now, show higher positive
values in the surface of forest and pasture (+149 and
+130%_) and indicate that turnover of soil C in this layer is
rapid (less than 30 years). A_4C values decrease with depth
quickly in the first meter to -70(F/do and -630% in forest and
pasture and remain between -750 and -800 at greater depth
in both profiles.
Our observations, together with CO2 flux in the soil will
be used to construt models with predict changes in C and C
isotopes accompanying forest-pasture vegetation change.
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Conversion of forests to pastures is thought to result in net release of
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cycling. We are studying the cycling of soil-C in primary forest sites
and in degraded pastures in the Brazilian state of ParA. Mean flux of
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Losses of Carbon from Pasture Soils of the Eastern Amazon Estimated
from Measurements of Isotopes, Fluxes,and Inventories
Eric A. l)avtdson _, Susan E. Trumbore _, and Danld C. Nepmad'
rl'he Woods Hole Research Center
and
2"l'he University of California, Irvlne.
The effects of clearing U_l_cal forests on stores of ,oil carbon are poorly understood
because of s dearth of comparative information on below-ground C budgets of tropical
forests and the ecosystems that are replacing them. We are studying cycling of soil-C in
primazy forest sites and in degraded pastur_ in the Bnm3ian state of Par& Our
m_ts include_ analysisofsoilOD2 and fzactionatedSOM toestimateresidence
times, _ analysis toestimate C inputstopasturesoilsfrom 04 grasses,sequential coting
to estimate fine root biomass pfoducticm, litterfall collectkm and forest inventories to
estimate above ground C dynamics, soil p(X): and radon gradients to estima_ CO_
production at depth, soil respiration to estimate total C outputs, and a model of soil C
dynamicsthatdefinesSOM fxactionscyclingon annual,decadal,and millennialtimescales.
The x_ and °C datafrom a pastureclearedin1975show notonlythat much of thelabile
forestSOM has been lost,but alsothatlittlen w C has been added to the SOM from
pasturevegetation.Mean flux-ofCO2 from theso_surfacewas 0.29and 0.14g C m * h4 in
forests and pastures rcspecti_ly. Concentrations of COx increased With depth at all sites;
pCOz at 5 m depth averaged 6.5% and 4.8% in forests and pastures, reapeaivcly. Deep
Ix_ots arc common in forests of this region and are the probable source of CO: at depth.
These data indicate that more carbon cyclesthroughthe forest un'I than the pasture soil,
both at depth and near the s_ Most of the C turnover in fore,st and pasture soils
occurs near the surface, but most of the long-term C storage occurs below 1 m.
Cons_ our model with the field measurements listed, our preliminary estimate of the
cumulative C loss from the pasture soil is 2.7 kg C m "1(about 10% of the forest so_ C
inventory), and it is still losing about 0,09 kg C m"_yfl. About one-third of the total C lost
was from soil below I m depth. Although this magnitude of soil-C loss is sign_cam as a
sourceofatmosphericCO2,spatialheterog_eityofsoftC would make a doclincofonly10%
ofthe soilC stocksdEScuk tomeasure usingtraditionalinventorymeasurements.
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are replacing them. Mean flux of CO2 from the soil surface was 0.29 and 0.14 g C m "_ h "t in primary
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pasture cleared in 1975 show that much of the labile forest SOM has been lost and little new C has
been added by pasture vegetation. A preliminary estimate of the cumulative net C loss from the
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C m 2 yr t. Most of the soil C turnover occurs near the surface, but most of the long-term C storage
occurs below 1 m in these oxisols. About 10% of the soil C at depth has a mean residence time of
years to decades and is input by the deep roots of trees in this seasonally droughty region. Grasses
have fewer deep roots, and about 1/3 of the total C lost from pasture soil was from below 1 m depth.
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SOIL CARBON DYNAMICS IN FO_ AND PASTURES OF THE EASTERN
AMAZON
E.A. Davidson', S.E. Trumbore; and D.C. Nepstad'
'The Woods Hole Research Center, Woods Hole, MA, USA
KIniversity of California, Irvine, CA, USA
. ." . -..
.- ?
Studies of above-ground processes in tropical forests have revealed the importance of
forests in regional hydrologie cycles. In the eastern Amazon, where evergreen forests are
maintained by deep rooting systems, deep roots are an import/nt link between the
hydrologie and carbon cycles t;ecause roots extract water and also are sources of Carbon
deep in the soil profile. Soil C inventories seldom include analyses below lm depth,
probably because soil C concentrations decline roughly exp.onentially with depth and the
C present'in deep soilsis assumed to be inert. When integrated over a large volume,
however, the soil C inventory below lm depth is >20 kg C m2at Paragominas in the
Brazilian state of Par,_, which is greater than the inventory of the top lm of soil (10 kg C
m _) and the above ground biomass of the primary forest (15 kg C rag. The Ik"C of soil
organic matter (SOIV 0 measured at 8 m depth is -850%0, which indicates that most, but
not ali of the deep soil C is very old. We estimate that about 10-25% of the total C in
SOM between 1 and 8m (about 2-5 kg C In':) cycles on annual to decadal time scales.
Modern isotopic signatures of soil CO, at depth support this estimate. Hence, this pool
of modern soil C deep in the soil could be lost if land-use change affects rooting depths,,
arid soil C inputs. '
- - - . . •
According to our soilC inventories, degraded and abandoned pasture soils have lost 1.6
kgC m "2in the top lm of soil relative to the forest soil. Spatial heterogeneity and
analytical limitations preclude detection of soil C loss below lm using standard inventory
approacheA, fi'tstead, we are completing a below-ground C budget, using estimates of
fine root production from sequential coring, estimates of CO2 production from profiles of
CO2 concentration and gaseous diffusivity, surface fluxes of CO,, and isotopic analyses of
SOM and CO2. This budget allows us to constrain a model of residence times of soil C
pools and address the impact on soil C dynamics of land use changes that affect rooting
distribution.
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JIPP, PETER H. and DANIEL C. NEPSTAD. Duke University, Durham, NC, 27706, USA, and The
Woods Hole Research Center, Woods Hole, MA, 02543, USA. Reduced deep soil water
uptake through forest conversion to pasture in Amazonia.
Forests of eastern Amazonia are being replaced by pastures and secondary forests. We measured
soil water storage and flux in adjacent forest and pasture ecosystems using Time Domain
Reflectometry sensors installed in the walls of deep (9-m) shafts. The forest withdrew 597:_.2.5 mm of
soil water stored below I m depth during the 1991 dry season (Jun-Dec), 1.7 times more than the
pasture. Uptake from the bottom of the forest soil profile continued even after rainfall resumed in
early 1992. The hydrologic impacts of tropical deforestation may be most severe for evergreen
forests with deep rooting zones in areas of seasonal drought.
Nepstad et al. _ - 2750 i
SOIL WATER EXTRACTION, CANOPY SEASONALITY, AND DROUGHT
STRESS IN DEEP-ROOTED PRIMARY FOREST, PASTURE AND
SECONDARY FOREST, EASTERN AMAZONIA.
D.C. Nepstad, p. lipp', G. Negreiros and S. Vieira.
Woods Hole Research Center
Box 296, Woods Hole, MA 02543 USA
and
*School bf the Environment, Duke University
: ........ , Durham, NC
Much of Amazonia experiences a significant dry season, although most of its
forests retain their leaf canopies continuously. Evergreenness during dry
periods is made possible through deeply=penetrating root systems that exfract
water stored in the soil to at least 8 m dept h. More than 35%'of annual soil '
water extraction takes place below one meter depth in seasonally-dry, yet
evergreen forests nearParagominas. Pasture vegetation extracts less water
from deep soil than the forest it replaces, and secondary forests are
intermediate. Differences in soil water extraction and, hence, -\ -,
evapotranspiration during dry periods reflect differences in leaf shedding. \i
During the severe 1992 dry season, canopy leaf area was depressed by only 10% •
in the primary forest, by 45% in pasture and by 30% in seCondaryforest, even
though pre-dawn xylem pressure potential was lowest (i.e., drought stress was
greatest) in the primary forest. Pasture leaf canopies are more seasonal than
forest canopies because the grasses, forbs and shrubs that dominate them shed
their leaves at mild water stress relative to forest trees and lianas.
If deep roots are needed to maintain an evergreen canopy where rainfall is
seasonal, then the distribution of deep rooting forest can be derived from data
on canopy seasonality and precipitation. When we overlaid a map of
seasonality (based on the Global Vegetation Index) on a map of dry season
rainfall (based on >200 weather station records) we fotmd that 75% of
Brazilian Amazonia supports forests with evergreen canopies, and 50% of
this forest area receives <1.5 rnm of rain daily during the dry season. We
predict that 36% of Brazilian Amazonia must be covered by forests that
requires water extracted from below I m depth for maintaining its evergreen
canopy. Initial field studies support this prediction.
Nepstad et al. NAGW - 2750
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Thomas A. Stone, The Woods Hole Research Center. PO Box 296, Woods
Hole, MA 02543. INTERNET: TSTONE@RED.WHOI.EDU. Analysis of
Selective Logging using LANDSAT Thematic Mapper data of Eastern
Brazilian Amazonia.
Recent estimates are that 6 to 10% of the tropical moist
forests of Brazilian Amazonia have been cleared largely by
clearcutting and burning. A relatively new trend in the forests of
Amazonia is selective logging in which the most marketable and
largest trees are removed.
There is little quantitative information on selective logging
in Amazonia despite its large implications for carbon release and
forest biomass loss, for affecting the possibility of sustainable
development, and for the loss of biotic diversity. Those who have
done synoptic measurements of forest change with satellite data
have not focused upon selective logging or have been unable to
distinguish it.
I sought, using 1986 and 1991 LANDSAT TM satellite imagery,
to determine the extent of this type of forest exploitation over an
area of about 4,500 km 2 near Paragominas, Para, Brazil. Of the
forms of selective logging in Amazonia, the type practiced in this
region extracts the largest amount of biomass. From this work it
appears that selective logging affects an area about the same as
land clearcut. The amount of selective logging in this region in
1991 (3.2%) was about double what was seen in imagery from five
years earlier (1.4%). Selective logging in 1991 was more widely
distributed than it was in 1986 with more logging occurring farther
away from the urban centers. Selective logging visible in the 1986
imagery was not apparent in the same locations in 1991 imagery.
Little land selectively logged, perhaps 10%, was converted to
pasture. There was virtually no overlap between sites logged in
1986 and sites logged in 1991. It appears that the visual clues of
selective logging will remain for less than five years in this type
of satellite imagery.
Keywords: tropical forests, logging, remote sensing
Abstract, in press, Association of American Geographers, Annual
Meeting, March 1994, San Francisco.
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Production of C02 in _ and Mature Forest Seas ef
Eastern Anmzonla
Irvine,CA 92717-3100;,714-856-6142;Intender:
__p_)
E_A Davidson and D C Nepsmd (The Woods Hole Research
Center, Woods Hole, MA 02543)
E Nc2770 
marnmem tt..eatroOe EnergiaNucl¢_ na Agnlmlmn_ DP 96,
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Mean CO2 fluxes from the soil surface of primary forests and
degraded pastures _ near Paragominas, Par& Brazil, in
1992-93 we_ 0.29 and 0.14 g C m "2 h"l, __ly. Little diel or
seasonal variation in soil C02 flux was in the primary
._sug_nuy..g_tater.manttmse .mthe dry seasoe Oune-November).
To um_cnsmna me ottterencest_tween forestand pasturecarbon
flexes, we have combined measurements of the C02 content of the
soil am_osphere (to 8 m depth) with estimates of soil gas effective
diffusivity to d¢_ the rate of C02 production as a _ of
:cpth_.th_ _.e. Son._mo_,h_CO2_o_
,n_se d_una "ti_ withdepth m both forest and pasture soils, to
values ot t_ - I0_, UO2 at Itm. We use a model based on ncasured
values Of budk density and volumetric soil water Content tO estimate
_._ective/diff_ivity (Deft) of soil gases as a function of u_l depth.
¢ model-derived Deft values are tested against observed
2 Woaucuoa es a tuncum o_ depth ts then cakuhmd directl_.
from Deft and the change in concentration with depth of soil
atmosphereC02. Additional _tion availablefrom_e_e sites
m the form of annual turnoverof f'm©rootbiomass allowsus tO
estimatetherelativec¢_sibetionsof rootrespirationand soilorgm_c
ma_er_n to the C02 _ in eachdepthinterval The
_4Ccontentofthe_.,
soils Produced at depths of >3m in both forest and
_oP_md ,how, ,hat the CO2 at thee dcp_ which_ d_,_i
om oecomposifion of organic matter reflects the isotopic
comlx_don of plant carbon which was fixed from tlc atmosphcxe
1960 and 1990.
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InvitedTalk: AOS Symposium • n J_ I-c_ _'o,l,_ _{
RECENT APPLICATIONS OF ACCELERATOR MASS
SP_ 14(3; MEASUREMENTS TO SOIL ORGANIC
MA'I']ER DYNAMICS
Susan F_Trumbore, Department of Geosdences, University of
California, I_ne, CA 92717-3100 and Center for Accelerator Mass
Spectrometry, Lawrence Livermore National Laboratory, Livermore,
CA 94550.
The recent applicat_n of Acoelemtor Mass SpectmmeW (AMS) to
m_re cosmogenic Isotopes, with its advantages of small sample
size (1 mg of carooe) and h_jh throughput (50-100 sam_), has
motivated research using 14C as a tracer for carbon cycing in soil,
sedimentary and dissolved organic malter. 14C may be used in
several ways to undemtand the soil carbon cycle: (1) the observed
increase in 14C in soil organic matter since 1960 (due to the
incorportation of carbon labelled with 14(3 created by atmospheric
testing of nuclear weapons) i.ndicales the amount of carbon turning
over on decadal and shorter timescales in soils; (2) 14C
measurements of fractionated organic maIter may be used to identify
extremely mfm_o_f components; and (3) the 14C content of
decompc_ngorgan_matter(measured as the 14(3 content of soil
C02 or GH4) is a sensitive indmator of the turnover tlme of more
rapidly cyling cad>on. This talk wig emphasize recent work relating the
turnover and accumulatlcm of soll organic matter to soil forming
factors, such as climate, vegetation, parent material, and time.
